Abstract. The change of the chemical composition of the near-ground level atmospheric aerosol was studied during two summer episodes by a Lagrangian type of experimental approach. Bulk and single-particle chemical analyses of ions and elements in the particulate phase were deployed. N(-III) and N(V) components were also measured in the gas-phase. The measurements were completed by particle size distributions.
Introduction
The chemical composition of the near-ground level aerosol is determined by the superposition of spatially and temporally variable particle and precursor gas emissions. In addition, turbulent mixing and chemical transformations in the traveling air mass cause a temporal evolution of the composition. The spatial and temporal scales involved are from local to regional (i.e., up to thousands of kilometers) and from hours to days. The effect of anthropogenic emissions can be studied in urban plumes. In urban plume studies, the temporal upwind emission pattern (together with other influences along the trajectory) translates into a modulated chemical signal at downwind sites within the plume, which can be compared, to the background situation at either an upwind site or a second site outside of the plume. Along the plume, the concentration levels of primary pollutants are decreasing as resulting from dispersion and mixing, while the air is enriched by secondary pollutants formed within the plume. Recent urban plume studies focused on oxidant formation (Steyn et al., 1997; Becker et al., 2002; Neftel et al., 2002) . The chemical and physical changes in the particulate phase within single air masses were studied in highly polluted air masses within a large agglomeration, the Los Angeles area (Russell and Cass, 1984; Kleeman et al., 1999; Hughes et al., 2000) . No such investigations have been made at other locations, at least to our knowledge. Furthermore, particulate phase transformations within single air masses so far have not been extended to investigate the impact of a city on air pollution in surrounding rural areas. In the studies of the aerosol changes in the Los Angeles area, strong increases in primary emitted particulate matter, secondary inorganic aerosol (SIA, i.e., ammonium sulphates and nitrate) were observed. Very high ammonium nitrate concentrations, >40 µg m −3 were accumulated within two days. Size-resolved measurements revealed a shift to larger sizes and single-particle analyses showed that the degree of mixing is increasing during transport (Hughes et al., 2000) .
Elevated concentrations of ambient particulate matter have been associated with increases in all-cause mortality, mortality for respiratory and cardiovascular diseases, hospital admissions and exacerbation of respiratory symptoms in susceptible patients (e.g., Dockery and Pope, 1994; USEPA, 1996; Katsouyanni et al., 2001) . Particles which carry biologically active material and toxic substances are in particular of concern. In this context, transition metals are relevant, too, as these are suspected to be involved in pre-inflammatory reactions (Hippeli and Elstner, 1999) . Besides particulate mass and chemical composition it is also particle size which matters. Toxicological and epidemiological studies in recent years indicated that ultrafine particles (<0.1 µm) might pose a health risk because of their efficient deposition in the lung -and despite their very little contribution to particulate mass (Oberdörster et al., 1995; Oberdörster, 2000; Wichmann et al., 2000) . While particle mass was abated in most of Europe in the last decades (Winkler and Kaminski, 1992; Mészáros et al., 1997; Heintzenberg et al., 1998; Lenschow et al., 2001) , the abundances of fine and ultrafine particles may not show a downward trend or are even on the rise (Kreyling et al., 2003; Spindler et al., 2004) . Higher levels of particulate matter and, in particular, of ultrafine particles are observed at urban sites than at rural sites (e.g., Putaud et al., 2002) . It is therefore a concern whether air quality in the rural environment might be affected from urban aerosol plumes.
The aim of this investigation was to study the impact of a major city in central Europe (Berlin) on the chemical properties of the near-ground level aerosol. Changes on the time-scale of hours within single air masses were observed by a Lagrangian experimental approach with the downwind site located in some distance from the city. In central Europe 60-120 km are typical distances between cities and we aim to address air quality in the rural environment, possibly influenced by the vicinity to cities. The focus of this paper is on aerosol components' mass size distributions and degree of mixing.
Methods

STUDY AREA
Measurements took place from 20.7.1998 to 5.8.1998 in the Northern German Lowlands, at the same time and area where field campaigns focusing on oxidant formation (BERLIOZ; e.g., Becker et al., 2002) and on aerosol properties in the vertical column (LACE 98; Ansmann et al., 2002) were conducted. The terrain in the area is flat with only few hills, stretching out less than 100 m from the plain. For the Lagrangian experiment we chose two sites, Eichstädt, located some 20 km NW (52
• 42 N/13
• 08 E) and Falkenberg, located some 80 km SE of the center of Berlin (52
• 13 N/14
• 08 E). The direct distance of Falkenberg from the city limits is 50-80 km and between the two sites 100 km. The Berlin agglomeration (population ca. 4 million) is the only city exceeding 100,000 inhabitants within a radius of 120 km. The emission source pattern of Berlin is characterized by road and air traffic, coal, oil and natural gas fired power plants (with gas desulphurization, denitrification and filters), residential heating, and nearly no heavy industry. The most prominent aerosol source is road traffic (including resuspended road dust) which has been estimated to contribute about one third to the concentration in the city, while other sources in and outside the city each contribute about the same to the 1998 annual average of ca. 40 µg m −3 total suspended particulate matter (TSP) in the urban background (Israël et al., 1992; Lenschow et al., 2001 ). In 1998, PM 10 in the urban background consisted of SIA (44%), OC (20%) and EC (14%; Lenschow et al., 2001) . Roads and major highways as well as manufacturing and agricultural industries are located in the surroundings of Eichstädt. The Falkenberg site is not influenced by local pollution sources other than traffic on minor roads. The Harz mountains are distanced some 180 km SW of Eichstädt and 230 km WSW of Falkenberg. At both sites air was sampled at 2.5 m above the ground in flat terrain dominated by low canopies, mostly fields.
SAMPLING
Aerosols were sampled with filters and impactors to address total suspended particulates (TSP) and size-resolved information. The filter media were polytetrafluoroethylene (PTFE), nylon and impregnated paper (Whatman 41, each 47 mm by diameter, flow rate 0.74-1.1 m 3 h −1 ). The filters were grouped as filter packs with paper (to collect eventually volatilized NH 3 ) and nylon (to collect eventually volatilized HNO 3 ) downstream of PTFE. These were run in parallel to annular denuders prepared for NH 3 and HNO 3 (flow rate 0.28-0.41 m 3 h −1 ). Particulate ammonium and nitrate concentrations are then derived as differences of the respective ions collected on the filter pack and by the denuder (Behlen, 1996) . Low-pressure impactors were used for size-resolved information, Berner impactors for bulk sample analysis and single jet five stage mini-cascade impactors (Wieser et al., 1987) for single-particle analyses. Two Berner impactors were used with different flows, a 6-stage impactor covering 0.05-10 µm (5 stages analyzed with 50% lower cutoff diameters at 0.05, 0.14, 0.42, 1.2 and 3.5 µm aerodynamic diameter, flow rate 4.5 m 3 h −1 , polyvinylfluoride foils) and an 11-stage impactor covering 0.06-16 µm (8 stages analyzed cut-offs at 0.06, 0.13, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 µm, flow rate 1.5 m 3 h −1 , aluminium foils). The cut-offs of the mini-cascade impactors are 0.18, 0.35, 0.65, 1.2 and 3.5 µm, upper cut-off ca. 8 µm. In these impactors, particles were deposited on vinylacetate-polymere (pioloform R , Wacker) coated Ni grids. For the bulk samples sampling times were 2.5-24 h and chosen according to sample mass requirements and expected delay times between the two sites. During each sampling interval of bulk samples, one or several mini-cascade impactor samples for single-particle analysis were collected during 10-15 min. Despite of the short exposure time, mixing of particle composition was almost excluded, because the area density of the deposited particles decreased rapidly with the distance from the central deposition region.
SAMPLE TREATMENT, ANALYSES, AND ANALYTICAL UNCERTAINTIES
The samples were kept cooled until analysis. For soluble inorganic ions the filter membranes, impactor stages and the denuder tubes were extracted with pure water (ultrasonic agitation). The filter and impactor stages extracts and the denuder eluates were determined by photometry (ammonium ion, samples from Eichstädt and all filter samples and denuder eluates), by atomic absorption spectroscopy (other cations, samples from Falkenberg and all filter samples and denuder eluates), capillary zone electrophoresis (Spectraphoresis 1000, Thermoquest; all ions for impactor stages exposed at Falkenberg; Neusüß et al., 2000) or ion chromatography (IC, all other ions, Dionex). Single-particle anaylses were performed using laser microprobe mass analysis (LAMMA R 500, Leybold; Wieser and Wurster, 1986) in both the positive and negative ion modes and electron probe X-ray micro-analysis (EPXMA; Wurster, 1997) . These methods were deployed without any sample preparation.
The detection limits of the analytics and sampling, based on field blanks and 2σ , corresponded to 0. From the concentrations of analysed species, c i , normalized to a reference substance, c s , at both sites we derive enrichment factors, EF (e.g., Duce et al., 1975) , to quantify changes of the particulate matter chemical composition during transport from the upwind site to the downwind site, EF = (c i downwind /c s downwind )/(c i upwind /c s upwind ). For most species EF values given in Table I are deviating significantly from 1: For example, based on error propagation rules for multiplication, division etc. the uncertainties for EF(NH 3 ) of pair of samples (PoS) #2 and #3, Table I , are 1.9 ± 0.14 and 0.35 ± 0.01, respectively.
STATISTICAL DATA PROCESSING OF INDIVIDUAL PARTICLE ANALYSES
Particles analysed by LAMMA were characterized applying methods of multivariate statistical methods (e.g., Ro et al., 1989) to the obtained and normalized mass spectra of negative and positive ions of individual particles of individual impactor stages. Particle types were identified by disjoint cluster analysis on the basis of Eukledian distances computed from one or more variables (Fastclus; SAS, 1989) . The variables are given by the mass lines and the observations are given by the mass spectra. All mass spectra data processing was started with a visual inspection of LAMMA spectra in order to minimize propagation of errors (peak shape and peak saturation effects). Furthermore, a discrimination method (discrim; SAS, 1989) allowed to quantify the similarity between particle collectives originating in different observations. The criterium for the discrimination function was based on the combination of mass data corresponding to hydrated carbon chain fragments, phosphate, sulphate, nitrate, chloride, silicates, and fragments thereof.
ANALYSIS OF TRANSPORT
In a Lagrangian type of experimental approach we refer to pairs of samples collected at the two sites which correspond to each other because of transport. The interpretation of transport in the area is based on backward integration of wind Table I . Results of bulk analyses. Concentration of species i at the upwind site Eichstädt (E), c i upwind (µg m −3 ), and enrichment factors normalized to the reference substance Na + , EF = (c i downwind /c Na downwind )/(c i upwind /c Na upwind ) of particulate matter constituents and trace gases in corresponding pairs of samples (PoS) during transport in the Berlin (B) area from the upwind site to the downwind site Falkenberg (F) on 24-25.7.1998 when t coupling ≈ 4.3 h (≈24. 7.1998, 19:10 h at E and ≈24.7.1998, 23:30 fields generated by a run of the California Grid Model (CALGRID, 2 km grid resolution on 14 levels; Yamartino et al., 1992) . CALGRID had been nested into a regional model and both were driven by analysed meteorological fields. Analysis was based on data from local stations of the weather service (DWD) and additional stations. Local discrepancies of the wind direction were in general less than 10%. (Reimer, Free University of Berlin, personal communication; Becker et al., 2002) In short time intervals, every 30 min, we calculated back trajectories for the two sites. Vertical movement of the air masses on the scale of the model resolution was not significant, and was thus not considered in the following analyses. The interpretation of large-scale transport was based on back trajectory calculations (started at 950 hPa, Europa-Modell, DWD).
AEROSOL NUMBER AND VOLUME SIZE DISTRIBUTIONS
Number size distributions were measured at both sites using a high resolution Twin Differential Mobility Analyzer (TDMPS; Birmili et al., 1999) . A TDMPS consists of two parallel operating differential mobility analyzer based size spectrometers (DMPS). One DMPS measures the number distribution over the diameter range 3-20 nm, and the other covers the range 20-800 nm. An overlap of the two DMPS systems exists at 22 nm. The agreement at the overlap is generally within 30%. The TDMPS system has an automated flow control of the aerosol inlet flow rates that provides long-term stable operation. The flow rates were checked frequently and adjusted when necessary. The uncertainty in concentration of a single system is approximately 10% and the sizing accuracy is better than 3%. Comparing size distributions of two independent systems, the maximum uncertainty is thus 20% in concentration and 6% in sizing. The number distributions were measured at relative humidities <10%. The volume size distributions were calculated from the number size distribution assuming spherical particles.
Results and Discussion
In the following the results from the two episodes are presented. In order to avoid that mixing and dispersion along transport obscures the results, any quantification of changes in the air masses between the upwind and the downwind site is discussed preferentially by relative measures (c i /c j , EF(i)) rather than absolute or differential measures (c i , c i -c j ).
During the entire campaign, the temporal variabilities of aerosol chemical parameters were significant at both sites. As westerly to northerly winds prevailed, F must have been frequently downwind of Berlin. The temporal variability, supposedly in combination with the time resolution of the sampling, however, prevented a simple detection of the plume's signature in the TSP or pollutant concentrations time series. Also relative measures, such as c OC /c EC (cf. e.g., Turpin and Huntzicker, 1995) , were not conclusive with that regard.
WIND FIELD IN THE AREA
The analysis of the wind field for the entire measurement period, 20.7.1998-5.8.1998 , delivered several episodes for which near-ground transport between the two instrumented sites occurred. We report on two of these episodes, 24.-25.7.1998 and 3.-4.8.1998 , which placed Falkenberg downwind of Eichstädt. The weather was partly cloudy, 12-22
• C, without precipitation during these two episodes. Advected air in the region was from NW-N. This is the wind sector which leads to the lowest average particulate matter concentrations in Berlin (Lenschow et al., 2001) . According to back trajectory analyses, in both cases the air masses originated in the North Atlantic region and had not passed any major urban area in the previous 96 h. As a consequence of even only slowly changing wind directions and the distance between the sites (100 km), coupling of the two sites in a strict sense lasted for only seconds. In the following, we nevertheless compare the results of corresponding PoS's which had been collected during significantly longer periods, 0.2-24 h. In all cases the identical sampling technique was deployed except as regarding the differences in the two Berner impactors (see above). Corresponding PoS's were collected from the same air mass with time differences of 2.8-21 h, i.e., delay time t samples . The sampling times were mostly not identical. The corresponding PoS's of 24.7.1998-25.7.1998 are detailed in Table I (columns). The delay time of corresponding PoS's t samples (defined as the time difference between the half times of the sample intervals at the two sites, t samples = (t stop − t start ) downwind /2 − (t stop − t start ) upwind /2) matched the t coupling quite well on 3.7.1998-4.8.1998 and on 24-25.7.1998 for PoS #3. As reflected by bundles of back-trajectories, the downwind site samples each time-average over a range of horizontal distances from the upwind site in direction perpendicular to the wind. Aerosol mass-related properties can vary significantly on this spatial scale (Lammel et al., 2003b) . Therefore, discrepancies between samples of different PoS's of the same event can be attributed to different sampling times and related upwind areas covered and/or to the different sampling techniques which were deployed (upper cutoff in PoS #1, no cutoff in PoS #2 and #3).
The trajectory which arrived in Falkenberg (F) on 24.7.1998, 21:00 h, at the time when a 3 h filter sampling started, had passed the upwind site Eichstädt SSW in a distance of 30 km on 24.7.1998, 16:45 h. 3 h later, at the stop time of the filter sample, air arrived at F which had passed 2 km NE of Eichstädt at 20:00 h, shortly after air arrived which had passed over the site itself, i.e., truely coupling the two sites by atmospheric transport (all times given in UTC + 2 h). The trajectories, with arrival times 21:00 and 00:00 h, marking start and stop time of one sample are depicted in the insert in Table I , in the column of PoS #2, as the outermost lines of a bundle of trajectories arriving at F. The arrival times of neighboring trajectories are 30 min apart. The time distance to arrival is translated into the lines' degree of darkness. Air which followed more northerly trajectories contributed to the following filter sample collected in F on 25.7, 0:15-5:55 h (cf. Table I, PoS #3). The connecting flow passed the upwind site at ≈ 19:10 h and the downwind site around 23:30 h (hence, t coupling ≈ 4.3 h). It is covered by the PoS's #1 and #2, while a situation shortly later at both sites is covered by PoS #3.
Air which arrived in F on 3.8., 21:00 h was advected from W and had passed by Eichstädt 8 km to the E at 09:30 h, moving in southerly direction by that time. Later in the night, 01:00 h on 4.8., the wind direction had changed to SW in Falkenberg and this air had passed Eichstädt 30 km to the SSW 13 h earlier. The connecting flow passed the upwind site at ≈10:10 h and the downwind site around ≈ 23:30 h (hence, t coupling ≈ 13.3 h).
The areas covered spanned by back trajectories of each pair of corresponding samples overlap, at least partly, upwind of Eichstädt. The area spanned by the back trajectories of the downwind site, Falkenberg, is in particular relevant for the comparison of the composition of corresponding samples. On 24.-25.7.1998, this is the entire area within the city limits of Berlin, except the SW corner, as well as areas outside, E, NE and NW of the city limits for PoS's #1 and #3, while it is basically only the same area within the city limits for PoS #2 (see inserts Table I ). On 3.-4.8.1998, the area covered downwind of Eichstädt is almost the entire area within the city limits except the NE part as well as areas S of Berlin.
BULK CHEMICAL COMPOSITION AND PARTICLE SIZE
The Sea Salt Component
In the following we discuss changes in chemical composition along the transport between the upwind and the downwind site mostly as based on enrichment factors, EF. For the derivation of EF we use water-soluble Na + as the reference species. More than 80% of this ion was associated with the coarse mode. Relative to the crustal composition (potentially indicative for its soil sources) it was clearly enriched (20 ± 10, using crustal composition data recommended by Rahn, 1976) . Therefore, its occurrence at the upwind site must have been dominated by the sea salt component. Na + losses during transport due to dry deposition were expectedly 7.5% and 20% for 24.-25.7.1998 and 3.-4.8.1998, respectively, according to the MMD (3.8-4.0 µm), particle density (2.2 g cm −3 for sea salt), size dependent sedimentation velocities (Jaenicke, 1988) , mean mixing depths (220 and 256 m, respectively, according to simulation in the CALGRID model run) and travel times between the sites. The sea salt component was yet depleted in chloride at the upwind site: Cl − /Na + (equiv/equiv) in the super-µm size mode was 0.55 on 24.7.1998 and 0.41 on 3.8.1998. This is related to particulate nitrate and/or sulphate formation and volatilization of gaseous chlorine species (sea salt displacement reaction) and is a common feature in the region, even close to the coast (Gieray et al., 1997; Kerminen et al., 1997; Ebert et al., 2000; Plate, 2000) . Furthermore, during transport, losses of Cl − always exceeded those of Na + , probably related to further volatilization of gaseous chlorine species.
Ammonium, Nitrate and Sulphate
On 24.-25.7.1998, prior to the transport the water soluble part of the sub-µm fraction, which accounted for 56% of the mass, was dominated by (NH 4 ) 2 SO 4 and the water soluble part of the coarse particulates by nitrates of Na + . Throughout the transport to the downwind site NH Table I ), while NO − 3 was effectively depleted from the sub-µm mode and moderately depleted from the super-µm mode. A corresponding MMD shift of sulphate is reflected by the DMPS measurements: the particle volume of the 0.003-0.8 µm (dry) size fraction decreased by 45%, i.e., from 7.04 µm 3 cm −3 at E to 3.89 µm 3 cm −3 at F for PoS #1 (not shown).
In fact, PoS #1, collected over 10.5 and 12 h at the two sites, reflects a time average of two contributions which differ quite significantly from each other and are represented by the subsequently collected PoS's #2 and #3 -with the limitation, however, that transport to F, sampled in PoS #3, did not pass E but further north. During this time period, the secondary pollutant levels at E dropped significantly, likely resulting from the drop in the mixing height around 20:00 h (from ≈ 1900 m to ≈ 300 m). N(V) (=HNO 3 + NO 4 , in individual air masses were observed along transport during 1-2 days in the Los Angeles area (Kleeman et al., 1999; Hughes et al., 2000) . There, however, the MMD of sulphate and particulate matter mass had increased rather than decreased. Dust emissions, which are certainly more significant in the drier environment there as compared to central Europe, might have dominated the shift in the particulate matter mass size distribution. 
SINGLE-PARTICLE ANALYSES AND DEGREE OF MIXING
On the basis of about 2,000 mass spectra of positive ions and 2,000 mass spectra of negative ions the following statistical significant particle types were identified by characteristic spectral features.
-Aged sea salt exhibits a significant NO Biological particles, sea salt particles and mineral dust particles (oxides, silicates) dominated the coarse particulate material (1.2-8 µm) in our samples, while particles which contained sulphate to a significant extent were most frequent in the fine particulate matter (0.18-1.2 µm). We and other groups Ebert et al., 2002; Trimborn et al., 2002) found these particle types among the most frequent types with varying abundances during the measurement period. Similar observations have been made at other rural and urban sites in Europe (Wieser and Wurster, 1986; Wieser et al., 1987; Gieray et al., 1993; Vogt et al., 2003) . In addition to the most frequent particle types (Figure 2a-g ), other particles were observed, too, e.g., Ca-rich particles (CaO and gypsum) as shown in the positive mass spectrum (Figure 2h) .
From the spectral observations it became very obvious that the abundances of the particle types changed significantly from the upwind to the downwind site. In Figure 2 . Typical mass spectra, negative ion mode, of (a) aged sea salt particle (aerodynamic diameter D = 3.5-8 µm), (b) silicate particle (mineral dust) (D = 3-8 µm), (c) particle of biogenic origin (D = 3.5-8 µm), (d) carbonaceous particle (soot) (D = 0.35-0.65 µm), (e) MSA containing particle (D = 0.35-0.65 µm), (f) Sulfate particle (D = 0.35-0.65 µm), (g) mixed MSA/carbonaceous particle (D = 0.35-0.65 µm), (h) CaO particle (D = 3-8 µm). The scaling of the mass axis (m/z) is not linear due to the quadratic relation between time of flight and mass.
(Continued on next page) Table II . Abundances (%) of each four major particle types identified in the particle size fractions corresponding to D = 0.35-0.65 µm and D = 3-8 µm at the upwind (E) and downwind (F) sites on 3-4.8.98 based on cluster analyses of LAMMA observations (spectra of individual particles) full agreement with the bulk analyses findings (Section 3.2.1.), the single-particle analyses confirm the significance of the sea salt component for the samples from the upwind site: Sub-µm particles containing both the methanesulphonic anion (MSA) and SO 2− 4 were frequent, while they had been distinctly more rare in the samples collected at the downwind site, Falkenberg. MSA is formed from dimethyl sulphide which, in turn, is of marine origin (Restelli and Angeletti, 1993) . Downwind carbonaceous particles have gained considerable importance (cf . Table II for 3.-4.8.1998). The spectral features indicate seemingly the prevalence of graphitic carbon i.e., soot and other carbonaceous material, i.e., polycyclic aromatic hydrocarbons besides the biological particles. The degree of internal mixture between sulfate and carbonaceous matter could be expressed by I S /(I S + I C ), with I S and I C being the peak areas of spectral intensities attributable to S and C (i.e., SO − x and C m H − n spectral features), considering chemical interferences. Sulfate containing particles internally mixed with carbon were less frequent at the upwind site (E). In contrast at the downwind site (F) sulfate was to a high degree internally mixed with carbon ( Figure 3 ). NO − 3 particles internally mixed with soot, however, were by far less frequent. This fact may have been caused by the loss of nitrate species under the high vacuum conditions in the LAMMA instrument. In particles collected at the upwind site (E) we find for the 50 percentile of the frequency distribution values for I S /(I S + I C ) of 0.72 on 24.7.1998 and 0.67 on 3.8.1998. Along transport, the frequency distribution of I S /(I S + I C ) was shifted to lower values exhibiting most of the sulphate particles at the downwind site (F) with I S /(I S + I C ) < 0.5. This was clearly more pronounced on 24.-25.7.1998. These observations correspond well with the findings on enrichments of the carbonaceous species (on 3-4.8.1998 only) and SO 2− 4 (during both events) based on the bulk analyses (Sections 3.2.1., 3.2.2.). 24-25.7.1998 (18:00-18 :12 h and 00:00-00:12 h at E and 00:00-00:10 at F) and (b) 3.8.1998 (08:00-08:12 h and 12:00-12:12 h at E and 21:00-21:15 at F), with I S and I C representing the sulfur and carbon spectral intensities. The corresponding back trajectories are shown below. The back trajectories from E in (b) are almost congruent as a consequence of a stable wind field.
By mass, sub-µm SO 2− 4 had increased during transport on 24.-25.7.1998 by 0.19 µg m −3 (or 10%), much less than on 3. -4.8.1998 (1.87 µg m −3 ) when t coupling was significantly longer. Hence, also the number of S containing particles was higher at the downwind site on both days. The process of internal mixing of sulfate and carbonaceous material, however, was more efficient during the (temporally) shorter transport on 24.-25.7.1998 Much more C would have been needed on 3.-4.8.1998 for mixing to produce a cumulative frequency distribution at F similar to the one on 24. -25.7.1998 (Figure 3b vs. 3a) . Interestingly, transport on 24.-25.7.1998 was not across the city of Berlin but followed ca. 40 km the freeway located east of the city border with a distance of < 2 km (Figure 3a) . On 3.-4.8.1998 the back trajectory crossed a number of freeways but did not follow them (Figure 3b ). Sulfate particles internally mixed with soot were regularly observed, in particular at urban sites or when the air parcels had traveled over densely populated areas (e.g., Gieray et al., 1993 Gieray et al., , 1997 Trimborn et al., 2002) . Mixed particles can be primary (e.g., diesel soot particles, containing fuel S) or secondary. The latter would result from heterogeneous nucleation, i.e., the formation of sulphate layers through condensation of H 2 SO 4 on the surface of carbon-rich combustion particles or, vice versa, condensation of organic vapors on sulphate particles, or by coagulation and impaction scavenging in an externally mixed aerosol. The latter process can be expected to be too slow to contribute significantly. This perception is supported by laboratory experiments on the mixing of soot and ammonium sulphate particles , although the conditions are not totally comparable. Mixed C/S particles collected at the downwind site during the same measurement period were analysed by microscopy and it was found that soot particles enclosed by SO 2− 4 were frequent. Laboratory experiments suggest that such particles are formed from diesel soot within a few hours .
Besides S, the LAMMA spectra show that many carbonaceous particles were internally mixed with heavy metals, e.g., on 24-25.7.1998 Ca, As and Ni and on 3.-4.8.1998 Ni and Pb were often found internally mixed in sub-µm particles of various compositions. On both days we compared enrichments (with reference to Al spectral features' intensities) during transport on the basis of 50 observations (particle spectra per impactor stage) and for various PoS's. In these sets of particles enrichments of Ca, As, Ni and Pb occurred only when transport was over the city, while no enrichment was found when the back trajectories of the downwind site, Falkenberg, were over the surroundings of Berlin. Also throughout other particle types it is found that the heterogeneity of the chemical composition of individual particles increased from the upwind to the downwind site. Also in the Los Angeles area it was observed that carbonaceous particles abundances and the degree of mixing increased during transport (Kleeman et al., 1999; Hughes et al., 2000) . Sulphate and its mixing state was not addressed in this study, however.
In the super-µm size fraction we found that during transport in the area the aerosol became enriched in particles of obviously biogenic origin. Any evidence for internal mixing of biological particles with secondary particulate material was not observed.
Summary and Conclusions
By chemical analyses on the bulk and the single-particle levels and measurement of corresponding trace gases (NH 3 , HNO 3 ) we characterized an urban aerosol plume several hours of transport (and 50-80 km) downwind from a major agglomeration in central Europe, Berlin, in two episodes in summer. Not unexpectedly, the temporal variability of particulate mass and pollutant levels prevented a simple detection of the urban plume as concentration maximum in respective time series at the downwind site. However, urban sources and sources of the surrounding areas could be detected as changes of the chemical composition within the same air mass relative to the upwind site measurement.
AEROSOL CHEMICAL COMPOSITION AND SOURCES
Significant influences of natural terrestrial sources (soil, biological particles) and primary and secondary aerosols of anthropogenic origin became obvious on the bulk as well as on the individual particle level. Combustion particles, rich in carbon were much more frequent at the downwind site and likely linked to sources.
The plume of the metropolitan area of Berlin contained more SIA than the air upwind, namely N(V) and sulphate on 24-25.7.1998 and N(-III) , N(V), and sulphate on 3-4.8.1998. That means that dilution of the urban plume and dry deposition could not compensate for the city's sources within 50 km downwind of the city limits. Although certainly subject to the mixing situation and, hence, not necessarily representative, this is remarkable and one of the major insights evolving from this study.
DEGREE OF MIXING AND AEROSOL PHYSICAL PROPERTIES
The degree of mixing on the individual particle level increased significantly during transport in the area. This will have affected the optical properties of the aerosol (absorption, refractive indices). In particular, sulphate and carbonaceous particles became internally mixed. The efficiency of this process was different on the two days, possibly as a consequence of the type of aerosols mixed (according to varying trajectories). The concentrations of sulphate in sub-µm size particles at the downwind site exceeded the concentrations at the upwind site by ca. 10% on 24.-25.7.1998 (2.03 vs. 1.84 µg m −3 ) in contrast to ca. 130% on 3.-4.8.1998 (3.27 vs. 1.41 µg m −3 ). Hence, pre-existing sulphate particles became internally mixed with carbonaceous particles within ca. 4 h on 24.-25.7.1998 by coagulation processes. It is very likely that a large fraction of this carbonaceous material was freshly emitted along route. The observed changes in the degree of mixing of C and S suggest that hygroscopicity of particulate matter must have decreased from the upwind to the downwind situation. The water nucleation properties of soot particles which contain only a small amount of SO 2− 4 change dramatically, in particular if SO 2− 4 is concentrated on the surface of the mixed particle (Lammel and Novakov, 1995) . Busch et al. (2002) , who determined the hygroscopic properties in the area during the same measurement period (at a single location), drew the conclusion that these were determined by the changes during transport in the region rather than by the origin and during the large-scale transport of the air mass. The presence of virtually chemically preserved soot particles along with soot particles internally mixed with SO 2− 4 (Figures 2d and 2f ) may result in quite different atmospheric lifetimes of soot. The existence of two types of EC with respect to atmospheric residence time, one peaking around 60 h and one around 18 h, had been concluded from a statistical analysis of particulate EC levels in the area as related to air mass history (Lammel et al., 2003a) . With reference to particle size, the average aerosol particles seem to have shrank along the transport during both episodes. On 24.-25.7.1998 the volume size distribution (0.003-0.8 µm of dry particle size) showed losses for all particle sizes (except ≈ 0.08 µm) for transport around the city while transport over the city added 0.2-0.4 µm sized particles and 32% of volume. The time-resolved analysis shows that the ultra-fine particles were elevated at the downwind site relative to the upwind site during both episodes and in particular during the very hours when the coupling of the two sites occurred.
With the inclusion of size-resolved trace substance emission data, the results of this study could be used for the evaluation of chemistry-transport models with an aerosol module. The width and vertical extension of urban aerosol plumes should be investigated using such models. However, in order to model the aerosol physical characteristics, model input should also cover number size distribution information for the entire size spectrum from aloft i.e., from aircraft, in order to account for the effects of mixing.
AIR QUALITY IMPLICATIONS
The findings that SIA concentration and the sub-µm particle volumes concentration was higher at the downwind site relative to the upwind site, that the MMD of the water soluble fraction was shifted towards smaller sizes, and that the fine and ultra-fine particles contained transition metals are relevant for human health: Given the recent insights which link fine particle number and mass concentrations with health risks, these results suggest that rural populations in areas which frequently are located within an urban plume might run an elevated risk relative to populations in areas not affected by urban plumes.
